A review of multichannel long integration time, optical Fourier transform techniques for advanced Fourier spectroscopy systems is followed by the description of a new multichannel time-integrating optical Fourier transform chirp-Z system and a discussion of its use in Fourier spectroscopy signal processing.
Introduction
The superiority of Fourier spectroscopy techniques over grating spectrometers is well known.'- 3 The general Fourier spectroscopy (FS) interferogram f (x) can be described by the cosine Fourier transform (FT) of the desired spectral distribution F(v) 4 :
where vl and 2 are the minimum and maximum wave numbers in the spectral distribution. The purpose of a FS signal processor is to compute F(v) from f (x). In recent years 5 , 6 considerable attention has been given to various real-time digital FT techniques to calculate the spectral distribution from the corresponding interferogram.
As typical examples, we consider two specific presently available FS systems 7 : (1) a single detector system with 10-sec integration time and 2400-Hz bandwidth; and (2) a system with sixteen detectors, 0.1-sec integration time, and 250-Hz bandwidth. Recent advances in smart sensors are rapidly increasing our ability to obtain quite extensive interferogram information. 5 , 6 These advanced systems will use imaging spectrometers with 1000 separate imaging detector areas, integration times in excess of 10 sec, and large bandwidths above 2 kHz. For this reason, advanced multichannel FT techniques such as optical signal processing merit attention.
The parallelism of an optical processor appears to be of most use in such multisensor advanced FS systems. For this reason, we consider only those optical FT techniques with multichannel capacity. In Secs. II-IV we review various parallel and real-time optical FT techniques with attention to their appropriateness for this advanced FS signal processing problem. This review of optical FT techniques also serves as an excellent summary of the advantages, disadvantages, and state of the art of optical signal processing. A new multichannel chirp-Z optical FT system capable of the required performance is then described in Sec. V.
Classical Optical FT Systems
The FT relationship that exists between the light distribution in the front and back focal planes of a lens illuminated with coherent light has been the hallmark of optical computing. A multichannel 1-D optical FT system results if a cylindrical/spherical lens set is used. These 2-D optical signal processors require the use of real-time and reusable 2-D spatial light modulators (SLMs) on which to record the input data. Although considerable progress has been made on these components in recent years, 8 they remain the major shortcoming of such 2-D parallel optical FT systems. For this multichannel FT application, the addressing scheme (by which above 1000 parallel signals are recorded on 1000 separate lines on a SLM) is the second major problem area. For these reasons, most of the recent work on optical signal processing has focused on systems employing. acoustooptic (AO) transducers, 9 because of their availability and reliability. Thus, the majority of this review will address such practical optical signal processing systems.
The major disadvantage of AO transducers is that they are 1-D devices, whereas an optical processor is a 2-D system, and the FS application of concern requires 2-D signal processing. It can be shown that multi-channel AO transducers cannot be fabricated with channel separations below 3 mm due to dispersion effects.' 0 Thus, alternate system architectures are necessary to realize parallel processing with conventional AO transducers.
The long duration (>10 sec) and modest bandwidth problem. The resultant FT pattern is a folded spectrum with coarse and fine frequency axes. However, such a system is not directly adaptable for our multichannel long duration and high space-bandwidth product FT application without extensive research on the input addressing system, the lens system, and the 2-D SLM required.
AO Signal Processors
For the reasons noted in Sec. II, new AO signal processing architectures will receive major attention in this review. The classic AO FT system is a space-integrating one' 3 in which the optical FT of the signal in the AO cell is formed in space in the output FT plane. In this system, input signal f (t) (whose FT is desired) is fed to an AO cell that is illuminated with parallel light. The The disadvantages of this space-integrating AO system for the FS application are (1) its 1-D nature (it is not directly extendable to multichannel applications), (2) the short aperture time of the cell (this limit's the integration time to approximately 100 jIsec maximum), and (3) the large bandwidth of the cell (50 MHz-1 GHz which cannot be fully exploited in this application).
Such a system is more appropriate for wideband and radar signal processing applications.
Application of the chirp-Z algorithm' 4 allows FTs to be performed using convolvers, 9 "1 5 which are the basic building blocks of optical signal processors. To describe how such systems can be realized, we rewrite the 1-D FT as
using~(
as
In the form in Eq. (5a), an integration in space is implied, and the frequency output variable is usually time, Conversely, the TI chirp-Z FT system (Fig. 1) has a large (essentially -) integration time and hence a very large input time-bandwidth product, whereas the output space-bandwidth product limits the frequency resolution obtainable. This system has the large integration time necessary for the FS application and moderate bandwidths. The system directly realizes Eq.
(5b). The input signal is modulated by a chirp and used to time sequentially modulate the linear intensity from a LED, laser diode (LD), or other light source. This output is collimated to illuminate uniformly the AO cell that is fed by another chirp. The AO cell is imaged onto the output detector where the resultant signal is integrated in time, and the FT in Eq. (5b) is displayed in space. This system is most attractive for our FS application since use of a chirp with duration T much greater than aperture time T of the AO cell enables long integration times and moderate bandwidths desired in the FS application to be obtained. In Sec. V we discuss a multichannel version of this system.
We note that the basic TI system performs a convolution, whereas using chirp-Z techniques, it can also realize the FT operation. Extensions of the basic TI AO system to multidimensions (using two crossed AO cells) allow folded spectrum and ambiguity function 2-D outputs to be obtained from 1-D input data using only 1-D transducers. 9 ,' 8 -2 ' Hybrid time and space-integrating AO folded spectrum FT processors have been recently described. 2 2 2 3 These systems exhibit the advantages of both the TI and SI systems.
IV. Vector-Matrix Noncoherent FT Systems
The accuracy of an optical computer is a continuously voiced concern. Optical residue arithmetic systems 2 4 25 and optical numerical processors 2 6 have been developed to address this issue. These latter systems can best be described as vector-matrix multipliers. In one version of such a system, 2 6 the input source is a linear array of LEDs (the outputs from these LEDs describe components fm of input vector F). This vertical LED array is imaged vertically and expanded horizontally onto a 2-D mask with transmittance mn,m (the elements of the matrix M). The output light from the mask is imaged horizontally and integrated vertically onto a linear horizontal output detector array. The output is then the vector-matrix product G = MF or
This system can be used to perform the DFT by considering the M samples of input signal f to be M components of input vector F. The elements of the matrix mask are then chosen to be the corresponding Fourier kernel samples
The N components of output vector G are now the corresponding Fourier coefficients in the FT of f. Complex functions can be handled by various other techniques in the system. 2 6 The final optical FT system to be considered combines advances in solid-state source and detector technology to produce accurate optical FTs. A multichannel system of this type would require multiple linear laser diode and photodiode arrays. Moreover, for the present FS problem, the number of linear source and detector elements necessary is too excessive for present technology (in excess of 20,000 laser diode and photodiode elements are required in each linear array).
V. Multichannel Optical FS Signal Processor
In Fig. 2 we show a multichannel version of the TI (8) or the desired FT in Eq. (5b).
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This system exhibits the long integration time advantage of the TI convolver and a small and compact solid state input source array for multichannel performance. The output from each LED can be expanded by fiber optics to illuminate uniformly the AO cell, and, with single sideband modulation performed on the AO cell output with optical filters, a compact system is possible.
To quantify the use of this system in advanced FS signal processing, we consider a FS system with 100 detector areas, 2.5-sec sweep time for the spectrometer, and 2-kHz signal bandwidth. As our system input, we use a linear array of 100 laser diodes. (Such arrays can be fabricated in less than 10 mm. 2 7 The linearity of the input voltage without light intensity for laser diodes is superb with over a 60-dB linear dynamic range possible.) For the AO cell we assume 100-MHz bandwidth with 50-.isec aperture time. (Such devices are likewise available commercially. 9 ) Since the bandwidth of the AO cell exceeds the bandwidth of the input signal by a factor of 5 X 104, we can attain an integration time that is 5 X 104 times the aperture time or 2.5 sec as desired.
The corresponding frequency resolution of this system is 0.4 Hz.
Thus, the parallel electrooptical FT system as shown (with only moderate component specifications) is capable of performing over 100 parallel multichannel FTs on FS signals of 2.5-sec duration with 0.4-Hz resolution over a 2-kHz signal bandwidth. Many alternate versions of this system architecture are possible using other devices such as surface acoustic wave transducers. 2 8 Other versions of this system such as the triple product processor 2 0 perform a more powerful signal processing operation such as correlation and ambiguity function generation. 2 ' Such advanced electrooptical signal processing techniques appear most attractive for advanced sensor systems.
